Arsenic is of environmental concern because of its toxicity to plants, animals, and humans. Arsenic in drinking water has the greatest impact on the general population and human health. In natural waters arsenic can be found in inorganic forms as oxidized pentavalent arsenate (As(V)) or trivalent arsenite (As(III)), mostly as H 2 AsO 4 -, HAsO 4 2-, H 3 AsO 3 , and H 2 AsO 3 - [1] . As(V) predominates in surface waters, while groundwater may also contain relevant concentrations of As(III) that are more mobile and toxic than As(V) [2] . Elevated concentrations of arsenic in groundwaters of China are the result of biogeochemical processes [3] or anthropogenic activities such as agriculture (the extensive use of herbicides and insecticides) and irregular disposal of hazardous waste from heavy industry [4] [5] .
carcinogenic diseases of skin, lungs, blood, and kidneys, as well as hyperkeratosis and hyper pigmentation of skin [6] [7] [8] . The World Health Organization set a maximum permissible concentration for arsenic in drinking water at 10 μg/L in 1993 [9] . The P. R. of China Department of Health lowered the provisional guideline value in drinking water from 50 μg/l As to 10 μg/l As in July 2006 [10] .
There are several technologies for arsenic removal from water and their efficiency depends on the valence of arsenic. Arsenic is most effectively removed or stabilized when it is present in the pentavalent arsenate form. Most of the technologies include ion exchange, precipitation, coagulation and filtration, and oxidation/filtration [11] [12] [13] [14] . However, they suffer from high cost, low efficiency, incomplete metal removal, high reagent and energy requirements, and the generation of secondary pollution [15] . Adsorption technology still remains attractive and represents an innovative and economical approach to arsenic removal [16] [17] [18] .
With the development of industry and agriculture, abundant biomass can be seen from the waste of largescale industrial processes and agricultural waste materials [19] [20] . At present, one of the largest sources of biomass from industrial waste is spent grains (SGs), which are generated in the brewing process. These are produced in large quantities during brewery production and are far in excess of any local uses (such as animal feed) due to the absence of activity, thus frequently causing disposal problems. Since the chemical pre-treatments can potentially modify the cell surface either by removing the groups or exposing more metal ion binding sites, the physical and chemical properties of SGs can be improved through modification before use as a sorbent of cadmium, lead, and arsenic from aqueous solutions [21] [22] [23] . As in our previous paper [24] , modified spent grains (SGs) with inorganic substance calcium hydroxide (Ca(OH) 2 ) saturated solution can introduce the hydroxyl group, which could have a greater effect on the physical and chemical properties of the surface of spent grains.
The purpose of this study is to investigate the removal performance and adsorption capacity toward arsenic ions from water in the organic modified spent grains (OSGs) fixed-bed column. The dynamic behavior of a fixed-bed column filled with OSGs is described in terms of a breakthrough curve. The effect of important design parameters (containing initial arsenic concentration and flow rate) was investigated. The breakthrough curves for the adsorption of both As(V) and As(III) were analyzed using Thomas, Adams-Bohart, and Yoon-Nelson models.
Experimental material and methods

Preparation of Adsorbate
Stock solutions (100 mg/l As) are prepared from dodecahydrate sodium arsenate (Na 3 AsO 4 ·12H 2 O; >99.0%) for As(V) and sodium arsenite (NaAsO 2 ; >99.0%) for As(III). The volumetric flask is stored in a refrigerator. As(V) and As(III) solutions of different concentrations are obtained by diluting the stock solution with distilled water. All reagents used in this study are analytical grade.
Preparation of OSGs
The fresh spent grains (SG) sample was obtained from a local brewery located in Ganzhou, P. R. China. The spent grains were washed by distilled water and dried at 60°C, ground to pass through a 1-mm sieve, and stored dry until use.
SGs were pretreated by a 2 mol/L NaOH solution with solid-liquid ratio of 1g/10 mL 2 h at room temperature, which was followed by stirring with epichlorohydrin, NaOH, and ethanol with a ratio of 1 g/5 ml/8 ml/2 ml 4 h at 65ºC. After that, the 30% trimethylamine solution was added with ratio of 1g/5 mL to stir 2 h at 65ºC. Finally, the organic substance modified spent grains were rinsed with copious deionized water to neutralize and dry them at 80ºC, which made them OSGs.
Characterization
Scanning electron microscopy (SEM) was used to characterize the morphologies of the samples. The FT-IR analysis was conducted by Nicolet 380 FT-IR.
Adsorption Experiments in
Fixed-Bed Column A glass column (50 cm in length and 2.5 cm in diameter) equipped with a constant-flow variable speed peristaltic pump (Longer-BT100) packed with glass wool as supporting layers at both ends was employed for the fixed-bed column experiments at room temperature. 353 g of OSG adsorbent was packed into the column to produce a 32 cm bed height (the process flow diagram is shown in Fig. 1 ). Before the experiment started, the adsorbent packed in the column was wetted with deionized water in a downward flow direction to withdraw the trapped air between the particles. Liquid samples of the arsenic in the exit of the fixed-bed experiments were collected at predefined time intervals. The effects of initial arsenic concentration (1.0, 2.0, and 6.0 mg/L for As(V), 0.5, 1.0, and 3.0 mg/l for As(III)) and flow rates (0.91, 1.36, and 2.72 ml/min) on breakthrough time and uptake capacity were investigated. The column operation was halted when the concentration of arsenic in the effluent attained 100% of influent concentration.
Analysis and Calculations pH adjustments were carried out using 0.1 M NaOH and/or 0.1 M HCl solutions. The pH of the solution is measured using a multi 340i (WTW) digital microprocessor-based pH meter previously calibrated with standard buffer solutions. The concentrations of arsenic were determined by using an inductively coupled plasma-atomic emission spectrometer (Intrepid II XSP).
Because of the high toxicity of arsenic, the breakthrough point is intended to be 10% to illustrate the adsorption capacity and breakthrough time for different initial concentrations of arsenic ions and flow rate. Breakthrough time (t b ) is defined as the time to reach a specific breakthrough concentration C b (10% of the initial concentration (C 0 )). Column performance is evaluated by plotting the relative concentration of arsenic ions, which is defined as the ratio of the concentration of arsenic ions in effluent to the concentration in influent (C t /C 0 ) with respect to flow time, t.
The adsorption capacity of the fixed-bed column experiment is calculated as follows: (1) … where q(10%) is the breakthrough capacity of adsorbent (mg/g) when the concentration of solution reach C b , v is the flow rate (ml/min), and M is adsorption mass packed in the column (g).
Results and discussion
Characterization of SGs and OSGs (Fig. 2b) , which having many folds, parallel grooves, and uniform distribution. We also noticed the appearance of large and small holes on the surface of the OSGs, which may be due to erosion of organic modifier to amplify the specific surface area and activity and to provide more adsorption sites.
The FT-IR spectra of SGs and OSGs are shown in Fig. 3 . For the SGs, the broad band at 3,276 cm -1 was attributed to hydroxyl groups [25] , which shifted to 3,340 cm -1 for the OSGs. It is worth noting that the band at 1,413 cm -1 belonged to C-N appeared for OSGs other than SGs, indicating the introduction of quaternary amine groups. 
Effect of Initial Arsenic Concentration
The column performance of OSGs was conducted at various initial arsenic concentrations when other experimental conditions were kept constant (Fig. 4) . The breakthrough time appears to decrease when the initial As(V) concentration increased from 1.0 to 6.0 mg/l or As(III) from 0.5 to 3.0 mg/l. But the breakthrough adsorption capacity increased from 0.50 to 0.66 mg/g for As(V) and from 0.25 to 0.27 mg/g for As(III) with an increase in initial concentration, which may be due to the availability of a greater number of arsenic ions in solution. Moreover, higher initial adsorbate concentration provided a higher driving force to overcome all mass transfer resistances of the metal ions from the aqueous to the solid phase, resulting in higher probability of collision between arsenic ions and the active sites of OSGs. This may be attributed to high influent concentration providing higher driving force for the transfer process to overcome arsenic ions mass transfer resistance [26] . At higher As(V) or As(III) concentrations, the breakthrough curves are sharper due to a relatively smaller mass transfer zone and a more intra-particle diffusion-controlled process. The concentration gradient between the arsenic adsorbed on OSG adsorbent and in the solution could be improved with the increase of initial arsenic concentration. OSGs reach saturation earlier at higher initial concentration, which leads to the reduction of the breakthrough time. In contrast, decreased initial arsenic concentrations delay the breakthrough point, since the lower concentration gradient caused slower transport velocity and longer contact time.
Effect of Flow Rate
The effect of flow rate on the breakthrough curves of fixed-bed column adsorption was investigated at a fixed bed height of 32 cm and initial arsenic concentration of 2.0 mg/l (Fig. 5) . In a fixed-bed column with constant bed height, the breakthrough time is prolonged with the decreased flow rate, indicating a longer column life with longer contact time. The OSG column quickly reaches its maximum capacity at higher flow rate because of more arsenic ions being exchanged with functional group sites in shorter time. The flow rate also influences the As(V) or As(III) adsorption capacity. When the flow rate increases from 0.91 to 2.72 ml/min, the corresponding breakthrough adsorption capacity decreases from 0.88 to 0.54 mg/g for As(V) and from 0.68 to 0.31 mg/g for As(III). The probable reason maybe that the contact time of As(V) or As(III) with OSGs is too short at a higher flow rate, resulting in a reduction in removal efficiency. However, this decrease is not very significant, suggesting that the adsorption of As(V) or As(III) on the fixed-bed column is a rapid process.
It also is observed in Fig. 5 that the shape of breakthrough curves are steeper at a higher flow rate, implying higher intra-particle diffusion effect and a narrow mass transfer zone. The flatter breakthrough curves are observed for lower flow rate, which indicate a more prominent effect of film transfer resistance, larger mass transfer zone, and longer service time for the column at longer contact time.
Adsorption Modeling for Fixed
Bed Column Studies
The fixed-bed column design is needed for the prediction of breakthrough curves and the adsorption capacities under different operating conditions. Several theoretical models have been used to describe the breakthrough behavior in continuous adsorption.
Thomas Model
The Thomas model features non-axial dispersions and a rate-driving force that follows pseudo second-order reversible reaction kinetics. The linearized equation of the Thomas model can be expressed as follows [27] : (2) …where k Th is the Thomas rate constant (L/(mg min), q max is maximum metal uptake per gram of the adsorbent (mg/g), and V eff is effluent volume (mL). The kinetic coefficient, k Th , and the adsorption capacity of the column, q max , are determined from the plot of ln[(C 0 /C t ) -1] against V eff at a given flow rate. Fig. 6 represents the Thomas model and Table 1 shows the model parameters along with the correlation coefficients. The Thomas model assumes that the external and internal diffusion is not the limiting step and the Langmuir isotherm is valid. But the adsorption is generally controlled by the inter-phase mass transfer and also the existence of an axial dispersion. From Table 1 it is clear that both in As(V) and As(III) columns, the rate constant, k Th , increases with the increase in flow rate but decreases with increase in initial arsenic ion concentration. But as the maximum adsorption capacity, q max increases with initial arsenic ion concentration increases but decreases in flow rate. This is due to the high driving force for adsorption between the arsenic ions on the OSGs and the arsenic ion concentration in the solution, and the result shows better column performance. The R 2 values show that the Thomas model fits well for both As(V) and As(III) columns (Table 1) .
Adams-Bohart Model
The Adams-Bohart model is frequently selected for the delineation of fixed-bed column breakthrough for the initial state of the operation [28] . The Adams-Bohart model is as follows: 
As(V) …where k Ab is the kinetic constant for the Adams-Bohart model (l/(mg min)), and N 0 and Z are the saturation concentration (mg/l) and bed height of column (cm), respectively. Fig. 7 represents the Adams-Bohart model curve for different initial concentrations of arsenic ions and flow rate. Table 2 shows the parameters, k Ab and N 0 , along with the correlation coefficients. It is clear from the table that the kinetic constant, K Ab , and saturation concentration, N 0 , depend on the initial concentration and flow rate. An increase in the values of K Ab are observed with the increase in flow rate for both As(V) and As(III) columns (Table  2) . Meanwhile, the value of N 0 increased with initial concentration for both As(V) and As(III) columns. When the initial concentration increased, the bed adsorbent in the column achieved comparative exhaustion as the metal ions loading had been higher. These findings show that the sorption kinetic is contributed by the physical mass transfer of the column system. Hence, it indicated that the overall system kinetics are controlled by the external mass transfer in the initial part of the adsorption process within the column [28] .
Yoon-Nelson Model
The Yoon-Nelson model [29] is based on the hypothesis that the probability of adsorption decrease rate of each adsorbate molecule is linearly related to the probability of both adsorbate adsorption and adsorbate breakthrough on the adsorbent. This model is less complicated and easier to apply to describe the practical industrial adsorption process.
The linearized Yoon-Nelson model is given as: (4) …where k YN is the Yoon-Nelson rate constant (min -1 ) and τ is the breakthrough time required for 50% adsorbate The statistical parameters of Yoon-Nelson are calculated and given in Fig. 8 and Table 3 according to Eq. (4). k YN increases and τ decreases with increases of both initial arsenic concentration and flow rate. From the statistical parameters indicated in Table 3 , the theoretical breakthrough curves are close to the experimental breakthrough curves, which indicates that Yoon-Nelson fits well with the experimental data for arsenic adsorption on the OSGs fixed-bed column.
Overall, spent grain is an environmentally friendly potential biosorbent for heavy metals. This work examined the efficiency of this sorbent in the removal of As(V) and As(III) ions from an aqueous environment. The results indicated that initial concentration and flow rate affect the biosorption process. The Thomas, Adam-Bohart, and Yoon-Nelson models were successfully used to predict the breakthrough curves, indicating that they were very suitable for designing OSG columns. The results showed that the modified spent grains have an excellent adsorption capacity for the removal of As(V) and As(III) ions.
Conclusions
We studied the biosorption of As(V) and As(III) ions onto the organic modified spent grains (OSGs) fixedbed column. The OSGs efficiently removed As(V) and As(III) ions in fixed bed column. The uptake of As(V) and As(III) ions through a fixed-bed column was dependent on the influent concentration and flow rate. The maximum adsorption capacity was at 6.0 mg/l for As(V) and 3.0 mg/l for As(III) influent concentration and 1.36 ml/min flow rate. The Thomas, Adams-Bohart, and
Yoon-Nelson models were successfully used to predict the breakthrough curves, indicating that they were very suitable for OSG column design. It is considered to be the cheapest treatment method for removing As(V) and As(III) ions from industrial effluent. Table 3 . Yoon-Nelson model parameters.
